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SIMULTANEOUS  POLYMERIZATION AND MOLDING OF PYRRONE POLYMERS 

By P. E .  D. Morgan and H. Scott 
The Frank1 in  Insti tute Research Laboratories 

1. INTRODUCTION 

Condensed polyheterocycl  i  c aromati c polymers offer  great promise 
for  h i g h  temperature  application. In particular,  the PYRRONES (polyimidazo- 
pyrrolones) , a class of  polymer developed a t  the NASA/Langley Research Center, 
seemed t o  possess  the  necessary  properties  desirable  for polymer moldings and 
this  supposition was borne o u t  in practice  during  the  course  of  this work. A 
good survey of Pyrrone chemistry i s  contained i n  Ref. 1 and we will no t  a t -  
tempt t o  duplicate  this  here. The normal route t o  a Pyrrone molded product 
has been through the mol d i n g  of e i ther  prepolymers , such as polyamic acids, 
o r  low ol  igomers. The preparation of these  precursors  requires very care- 
ful  synthetic work, which i s  time-consuming and expensive. Moreover, molded 
products by these  routes have no t  generally shown optimum properties due t o  
the  difficulty of  removing gaseous solvent  remnants, which are  strongly ab- 
sorbed by the prepolymers , producing  materi a1 w i t h  less t h a n  optimum proper- 
t i e s  such as  stabil i ty,   density,   tensile  strength and modulus. 

The objective of th i s  program, therefore, was t o  determine i f  a 
solid  state  reactive  hot-pressing  technique  could be applied t o  organic mono- 
mers in much the same  way as has recently been appl ied t o  ceramic materials 
(Refs. 2 and 3 ) .  W i t h  th is  molding technique  solid monomers  would  be con- 
verted  directly  in one step t o  molded  end products of thermostable  plastics 
which should yield  superior polymer properties and avo id  many of the  practi- 
cal difficult ies  associated with wet prepolymer preparation and molding 
methods . 

I t  was anticipated, i n  view of the complexity o f  t h i s  forming pro- 
cess,  involving  interacting  gases, monomers, oligomers and polymers a t  va- 
rious  stages,  that a close  study of the  effects of ra te  of r i s e  of tempera- 
ture,  pressure  (constant  or  variable) and degree  of mixing would  be needed. 
The  complex relationships between these  variables were confirmed in  practice. 

2. EXPERIMENTAL 

2.1 Materi a1 s 

2.1 . 1 Mo.nomers 

Comnerci  a1 grades of pyromel 1 i t i  c anhydride (PMDA) (Princeton Chemi cal 
Research, Inc.) , 3,3' ,4,4'-benzophenonetetracarboxyl i c  anhydride (BTDA from 
Gulf Oil Co.), and 3,3'-diaminobenzidine (DAB,-from Burdick and Jackson Co.) 
were  used as received i n  mcst cases  after  finding t h a t  purification of these 



compounds, as  indicated below, yielded few i f  any improvements i n  the mol- 
dabi l i ty ,  elemental  content and physical  properties  of  resulting polymers. 
A notable  exception was 1,4,5,8-naphthalene  tetracarboxylic  anhydride 
(NTCA) obtained from several suppliers. We succeeded i n  recovering useful 
material  only on purification  of  a  small amount of  a no longer  available 
grade from the Aldrich Chemical Co. ear ly  i n  the program. 

2.1.2 Monomer Purification 

PMDA and BTDA 

The anhydrides were placed i n  a large sub1 imator  having  a s ta in-  
less s tee l  screen w i t h  a  center  hole  positioned between the anhydride and 
the cold  finger, which was cooled by  an acetone-dry ice bath.  In  a  typical 
run, 29 g  of  sublimate was obtained from a  charge  of 50 g a t  50 LI vacuum 
us ing  a 200-220°C o i l  bath. 

NTCA* 

Fifty grams of 1,4,5,8-naphthalenetetracarboxylic acid was mixed 
w i t h  150 g potassium  hydroxide and 15 g activated carbon t o  which  600 m l  o f  
hot  distilled  water was slowly added t o  dissolve the mixture. The hot so- 
l  ution was f i  l tered and then treated w i t h  400 m l  o f  5% potassi um permanga- 
nate  solution. After heating a t  90°C for  30 minutes,  the  solution was f i l -  
tered and the f i l t r a t e   ac id i f i ed  w i t h  concentrated  hydrochloric  acid. The 
precipi ta te  was f i l t e r ed   o f f  and redissolved i n  500 ml of water which  was 
made basic w i t h  20% sodium hydroxide. The solution was again treated w i t h  
15 g o f  activated  carbon,  filtered, and the f i l t r a t e   ac id i f i ed  w i t h  concen- 
trated  hydrochloric  acid. The white f i l t r a t e  was  washed w i t h  water  contain- 
i n g  a trace of  hydrochloric  acid and dried i n  vacuo. Twenty-five grams of 
purified NTCA were recovered. 

DAB 

Forty grams of 3,3'-diaminobenzidine was added to  a  mixture  of 
750 ml d i s t i l l ed  water and the same  amount of methanol which  had been satu- 
rated w i t h  nitrogen. The mixture was heated to  ref1 ux under n i  trogen. 
After most of the sol i d  hac! dissolved, 20 g of activated carbon was added. 
The hot  solution was f i l t e r ed  through  diatomaceous s i l i c a .  The f i l t r a t e ,  
kept under nitrogen, was cooled  immediately i n  an ice  bath. The off-white 
crystals  were f i l t e r ed   o f f ,  washed w i t h  water and methanol, and dried i n  
vacuo a t  room temperature fo r  one week. A y ie ld  of 27 g ,  m.p. 173-4"C, was 
obtained. 

* 
This purification procedure i s  similar  to  that   described by J. A. Webster 
and E. S. Blake of Monsanto Research Corp. i n  Interim Report o f  May 1966 
under Air Force Contract No. 33(615)2648,  as  supplied by Dr. R. L .  Van 
Deusen,  Non-Metal1 i c  Materials  Laboratory, Wri ght-Patterson Air Force  Base, 
Dayton, Ohio. 
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Mixtures, Blends and Sa l t s   o f  Monomers 

. 1 Ball m i  11 ed Mixtures 

2.2 

2.2 

bal 
DAB, as received , was i n  a coarse  granular form  and was f irst  

lmilled  separately w i t h  alumina balls.  When finely powdered, the mix- 
ture w i t h  unmi 1 led PMDA was  made  by roll   ing equimolar amounts of each 
powder without  balls. Other compositions were made i n  a s imilar  manner. 

2.2.2 Cycl ohexane B1 ended Mi xtures 

Typically, DAB, as  already finely powdered  by ballmilling, was 
mixed w i t h  the appropriate  quantity  of finely divided PMDA and the mixture 
blended for   15  minutes i n  cyclohexane i n  a large  blender, a t  high  speed. 
This method achieved  superior, more intimate mixing. 

2.2.3 Freeze-Dri ed Mi xtures 

DAB and PMDA 

Five grams of sub1 imed PMDA were m i  xed w i t h  100 m l  o f   d i s t i  11 ed 
pyridine. This suspension was poured in to  a cooled  solution  of 4.9  g o f  
pure DAB i n  100 ml of water and 80 m l  o f   d i s t i l l ed  dioxane. After 70 m l  
of   dist i l led  water was added, the mixture was dropped into  liquid  nitrogen. 
The solvent was  removed from tne solid  product i n  vacuo. After complete 
drying, 9.6  g of a yellow sol id  was obtained. 

The foregoing  procedure was a l so  followed i n  preparing freeze- 
dr ied  sal ts   of  the crude monomers. 

DAB and BTDA 

a )  A solution  of  4.8 g BTDA and 3.2 g DAB i n  200 m l  hot  dioxane 
was f i l t e r e d  and  added dropwise to  l iquid  nitrogen. The sol id   precipi ta te  
was kept  frozen while  the solvent was  removed i n  vacuo. 

b) A solution  of  4.8 g BTDA i n  100 m l  pyridine was added t o  a 
solution  of 3.2 g DAB i n  100 m l  pyridine. After 20 m l  water was added t o  
retard  polymerization, the solution was added dropwise to  l iquid  nitrogen. 
The solvent was  removed i n  vacuo  from the frozen  precipitate. 

2.2.4 Amorphous Sa l t s  

DAB and BTDA 

A solution of 10 g BTDA i n  100 m l  hot  water was added t o  a suspen- 
sion of 6.6 g pure DAB i n  100 m l  water i n  a 50°C oi l   bath.  The yellow  pre- 
c ip i t a t e  which formed on cooling weighed 16.5 g af te r   i so la t ion .  
Anal.: Calc. f o r  C29H24N409 (%); C ,  60.83; H ,  4.22; N, 9.78. 
Found: C ,  59.60; H, 4.54; N, 10.70. 



DAB and PMDA 

A solution  of 20 g crude PMDA i n  150 m l  d is t i l led  water  was re- 
fluxed for two hours, then poured Into a  vigorously stirred hot s3lution 
o f  20 g DAB i n  200 m l  d i s t i l l e d  water and the same  amount of methanol. 
The DAB solution was kept under nitrogen. After mix ing ,  a  yellow preci- 
p i ta te  appeared  immediately. I t  was f i l t e r e d   o f f ,  washed w i t h  water and 
dried to  give 43 g o f  amorphous solid  product which slowly darkened on 
standing. Anal.: Cal. for  C22H20N408 (x); C ,  56.41; H ,  4.30; N ,  11.96. 
Found: C ,  56.32; H ,  4.22; N ,  11.84. 

2.2.5 Crystal l ine  Sal ts  

DAB and PMDA 

A solution of 54.5 g crude PMDA i n  1.2 l i t e r s   d i s t i l l e d  water 
which  had  been heated to  reflux for  two hours was added while s t i l l  hot 
t o  a  vigorously s t i r red  solut ion o f  54.7 g crude DAB i n  a mixture of 2 
1 i t e rs   d i s t i  1  led  water and 500 m l  methanol kept under  a nitrogen atmosphere. 
The DAB solution was seeded  before the addition w i t h  crushed  orange  crys- 
t a l s  which  had been prepared i n  e a r l i e r   t r i a l  runs. The orange  product was 
f i l t e r ed   o f f ,  washed w i t h  water and methanol and dried i n  vacuo to  g ive  111 g 
(95% yield) .  Analysis  of  1  lb. sample supplied  to NASA/Langley: Calc. for  
C22H20N408 (%);  C ,  56.41; H ,  4.30; N ,  11.96. Found: C ,  56.18; H ,  4.37; 
N ,  11.77. 

NTCA and DAB 

A mixture o f  42.8 g o f  crude DAB and 2.5 l i t e r s   d i s t i l l ed   wa te r  
was heated t o  reflux w i t h  stirring i n  a n i t rogen  atmosphere and then f i  1- 
tered  directly  into a  preheated 1 gallon  stainless  steel   blender.  A s lurry 
o f  60.8 g purified NTCA i n  1 l i t e r  o f  dist i l led  water which  had  been heated 
to  reflux was poured in to  the stirred DAB solution.  After  15 minutes of 
stirring, the reaction mixture was chil led w i t h  an ice  bath and refrigerated 
overnight. A f inely d i v i d e d  dark  purple  solid was f i l t e r ed   o f f ,  washed w i t h  
water and methanol and dried i n  vacuo. Calc. for C H22N408: C ,  60.23; 
H, 4.27; N ,  10.81. Found: C ,  60.38; H ,  4.10; N ,  10. $x . 
2.3 Preevaluation  of Molding  Powders 

About midway i n  the program we found i t  useful t o  analyze the mold- 
i n g  materials by thermogravimetric  analysis (TGA)  and t o  a lesser  extent by 
differential  scanning  calorimetry (DSC), u s ing  a du Pont 950 Thermogravimetric 
Analyzer. W i t h  DSC, for  instance, i t  was quickly determined tha t  samples  of 
NTCA obtained from various  suppliers  yielded  products w i t h  properties tha t  
differed from those of  the product  recovered from an early sample of a no 
longer  avail  able A1 drich  grade. This was the only NTCA sample found t o  be 
useful for  molding purposes. 

TGA under nitrogen was found t o  be extremely  useful  for  determining 
the temperatures  of  water  loss for materials  to be molded  and whether the ma- 
t e r i a l s   l o s t  the correct  amount of  water  for  conversion t o  polymer. To avoid 
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y o l a t i l i z a t i o n   o f   t h e  monomers i n   t h e  stream o f   n i t r o g e n ,  e.g. on d i s i n -  
t e g r a t i o n   o f   h e a t e d   p a r t i c l e s ,  it was found  best   to   cover   the sample cup 
w i t h  an i n v e r t e d  cup. As shown la te r ,   the   mo ldab i  1 i ty o f   v a r i o u s  samples 
such as mechanical  mixtures , blends  and  sal ts , and t h e   q u a l i t y  of r e s u l t -  
ing   mo ld ings  , r e f l e c t e d  marked d i f f e rences  seen . in  the  thermogravimetr ic 
a n a l y s i s   o f   t h e s e   s t a r t i n g   m a t e r i a l s .  

2.4 Molding  Equipment  and  Procedures 

A ho t -p ress ing   un i t   w i th   au tomat i c   con t ro l  and record ing  o f  tem- 
pera ture  and pressure was used. 

F igure 1 shows the   opera t ive   por t ion   o f   the   appara tus ,  a t y p i c a l  
experimental  hot-pressing  setup,  standing on a Loomis hydraul ic  press.  
The d i e   c o n f i g u r a t i o n  used i s  shown i n  Fig. 2, where p r o v i s i o n   f o r   t h e  es- 
cape o f   water   vapors   o r   o ther  gases i s  made by  us ing a g r a p h i t e   i n s e r t  
s l e e v e   o f  U1 t r a  Carbon's UF-4s h igh   pur i t y   porous   g raph i te .  The d i e  and 
punches a re   o f   s tandard   s ta in less   s tee l .   Res is tance   hea t ing   i s   by  means 
o f  Kanthal  windings and t h e   h e a t i n g   r a t e   i s   c o n t r o l l e d   b y  a temperature 
programmer. Pressure may be ma in ta ined   a t  a f i xed   va lue  i f  desi red  by a 
hyd rau l i c  pump equipped  wi th   var iab le bypass  valves 

p r i n c i  
f o r e  i 
press i  

"Double  ended" p r e s s i n g   i s   o b t a i n e d  by  use o f   t h e   f l o a t i n g   d i e  
p l e  as dep ic ted .   Th is   con f igura t ion   i s   ach ieved  by   co ld   p ress ing  be- 
n s e r t i n g   t h e   f i l l e d   d i e   i n t o   t h e   f u r n a c e .   P l a t e n  movement du r ing   ho t  
ng  which i s  re1   a ted   t o   t he   sh r inkage   o f   t he  sample i s   r e g i s t e r e d  on a 

double pen c h a r t   r e c o r d e r   v i a   t h e   o u t p u t   o f  a l i n e a r   d i f f e r e n t i a l   t r a n s -  
fo rmer   ca l i b ra ted   aga ins t   t he   d ia l  gauge. Correct ions  for   thermal   expansion 
o f   t h e   v a r i o u s   p a r t s  may be obta ined i f  necessary  by  blank  runs  under  the 
same cond i t ions .  The die  temperature, as indicated  by  the  thermocouple,  i s  
reg is tered  a longside  the same chart   recorder.  

Two types o f  molding  schedules  have been used i n   t h i s  work. I n  
the   s imp ler  case, a constant  predetermined  pressure i s   a p p l i e d   a t  room tem- 
pe ra tu re   t o   t he  sample w i t h i n   t h e   d i e .  The temperature i s   r a i s e d   a t  a con- 
s tant   predetermined  ra te up t o  450°C and then  he ld   cons tan t   fo r  one hour. 
I n  a few instances  other  top  temperatures have a lso  been  used. Normally, 
the  pressure  is   complete ly  removed a t   t h i s   p o i n t  and the  furnace  al lowed  to 
coo l   s low ly   t o  room temperature. 

A second molding  approach  referred  to as the  "1   inear  method" has 
o f t e n  been  used f o r   m i x t u r e s   i n   t h e   i n i t i a l   s t a g e s   o f   s t u d y .   I n   t h i s  method, 
temperature, as before,   r ises  f rom room tempera tu re   l i nea r l y   t o  450°C. 
However, the  pressure i s   v a r i e d   m a n u a l l y   t o  produce a l inear   shr inkage as 
perceived upon the  char t   recorder .  The ex ten t  of th is   l inear   shr inkage  must   be 
roughly   predetermined  for  each mix tu re .   Wi th   th is  knowledge, a s t r a i g h t   l i n e  
i s  drawn on the  char t   recorder ,  and the  operator   cont inuously   ad justs   the 
pressure  appl ied  by  the pump so tha t   t he   reco rde r  pen fo l lows  the  shr inkage 
l i n e  up t o  450OC; the  sample i s  then, as before,   mainta ined  a t  45OOC a t   t h e  
pressure   tha t  was used when the  sample  reached 450°C. T y p i c a l l y ,   w i t h   t h i s  
method, a high  pressure was a p p l i e d   t o   t h e  sample a t  room temperature,  not 
exceeding 12,000 psi  which was a r b i t r a r i l y  chosen as the  top  pressure  to  be 
used, being  near  the maximum t h a t   t h e   g r a p h i t e   l i n i n g   m a t e r i a l  can withstand. 
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( 1  ) THERMOCOUPLE 
(2 )  1/8" U . F .  -4s SPACERS 
(3)  SAMPLE 
(4) S T A I N L E S S   S T E E L   D I E  
( 5 )  1/8" U. F.-4S GRAPHITE  SLEEVE 
(6 )  STAINLESS  STEEL  PUNCH 

F IGURE 2. MOLDING  DIE  CONFIGURATION 

7 



As the  temperature  rises and the  reaction and p las t ic i ty  of the monomer 
materials  increase,  the  pressure was lowered, often t o  as low as only a 
few hundred psl a t  times. A t  some temperatures, when polymerization had 
occurred,  higher  pressures were again  necessary t o  maintain  the  linear 
shrinkage, and usually by 4 5 O O C  the  pressure was again  about  7-10,000 psi. 

Towards the end of the  project, an automatic  linear  shrinkage 
controller was instal led,  which operates by comparing the o u t p u t  o f  a 
linearly  increasing EMF source w i t h  the o u t p u t  of the  l inear   different ia l  
transformer  attached t o  the  platen and operating a  mechanical device or 
the pump which automatically  adjusts  the  pressure. The l inear  method has 
certain advantages which will be explained  later. 

2.5 Testing of Molded Products 

A typical molding produced by aforementioned methods was a cylin- 
der  3/4"  in  diameter by about  3/8" 1 ong. Good samples were non-porous and 
densit ies on these were  measured using  the Archimedes displacement method 
i n  water. Porous samples  of lesser   interest ,  may be measured by geometric 
methods. Hardn2ss values on the high temperature  plastic specimens were 
measured by two methods; in the  early work, microhardness measurements, 
using  the  standard Knoop hardness  technique (100 g load), were carried o u t  
on a Tukon  t es te r .  This method  was resorted t o  when i t  was found t h a t  
samples were suf f ic ien t ly   b r i t t l e ,   o f ten  t o  break when macrohardness tes t -  
i n g ,  using  the Rockwell B-scale, was performed. However, as  properties im- 
proved i n  the  course o f  the work, more  Rockwell B testing was possible, and 
this  has  been adopted  as the  standard method. 

The diametral method (Refs. 4 ,  5) was used t o  ob ta in  the  diametral 
tensile  strength.  In  t h i s   t e s t ,  a cylindrical specimen of the  Pyrrone,  as 
produced, was 1 oaded across  the  diameter i n  a special   test   r ig using an 
Instron Universal Tester. The diametral  tensile  strength, normal t o  the 
ioaderl diameter,  is  defined by the  equation G = 2P/?dt where p is   the  ap- 
plied load (pounds), d is  the  diameter  (inches), anc! t is  the  thickness  or 
cylinder  height  (inches!. The diametral method gives lower resul ts  t h a n ,  for  
example, regular 3 point bend tensile  testing. To take  account of t h i s ,  
values have  been doubled (Ref. 5)  t o  correspond more nearly with the  values 
t h a t  wguld  be attainable  in bend testlng, Thermogravimetric analyses were 
conducted  in a i r  and nitrogen using a du Pon t  950 Thermogravimetric  Analyzer. 

Measurements  of the  ultrasonic modulus  were performed on a Sperry 
Rand UM715 Ultrasound Reflectoscope,  using both transmission and reflection 
methods. The t r ans i t  time resolution for ultrasound  pulses on the  reflecto- 
scope i s  around 1 p sec.  Since  the  transit  time,  typical of the  samples, i s  
of the  order of several p sec,  we have considerably improved the  resolution 
by taking  the o u t p u t  from the  Reflectoscope t o  a Tektronix  oscilloscope. 
The time scale on the  oscilloscope  is 0.011.1s enabling  the measurement t o  be 
made t o  an accuracy of  1Z. The e l a s t i c  modulus E i s  defined by the  equation 
V = JE/, where V is  the  velocity of ultrasound propagat ion  and p ,  the sample 

density. The measurements , checked against  the  calibration  standards , 
were usually made a t  2.5 or 10 MHz. 
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3. RESULTS AND DISCUSSION 

3.1 Thermogravimetric  Analysis (TGA) of S t a r t i n g  Materials 

On finding t h a t  there were significant  differences i n  the mold- 
i n g  properties of powders  mixed  by various methods, the thermal behavior 
of these powders was studied by TGA. Figure 3 i l lust rates   the rate loss 
w i t h  temperature a t  5"C/min. i n  nitrogen of the PMDA-DAB mixtures made i n  
the  indicated  fashion. The effects  of poor mix ing  i n  the  ballmilled mix- 
t u r e   i s  immediately apparent. The theoretical  percentage  weight  loss is  
23%, corresponding t o  6 molecules o f  water. I t   i s  seen t h a t  the  ball- 
milled  mixture  loses  considerably more than  this. A t  the  temperature 
usually used as the t o p  temperature i n  molding, i .e .  450°C, the  mixture 
was s t i l l   l o s ing  weight. We suspect t h a t  th i s  more t h a n  theoretical  loss 
of weight ref lects  incomplete mixing of the monomers on a molecular level ,  
thereby  yielding  incomplete  polymerization and unreacted end groups which 
f a c i l i t a t e  decomposition t o  volatile  products. The blended mixture,  as 
expected,  polymerizes more fully,  losing  less weight than the  ballmilled 
mixture b u t  nevertheless  still   losing more than the  theoretical amount a t  
450°C. 

Amorphous 1 :1 s a l t  adducts  analyzed better  (Figure 3) ; water was 
lo s t  a t  lower temperatures  in  the  initial  stages  indicating t h a t  more in- 
timate mixing of the two types of monomer molecules fac i l i t a ted   ear l ie r  
polymerization below  400°C.  The f la t tening of the  curve between 400 and 
50OOC indicates t h a t  more complete polymerization  occurred under nitrogen 
with no further  degradation of the polymer. For this  material,  the i n i -  
t i  a l  choice of 450°C as  the t o p  molding temperature  appears t o  have  been 
fortunate. The  amorphous nature o f  this  1 :l adduct was confirmed by x-ray 
diffraction. 

Towards the end of  the program an orange s a l t  was prepared,  crys- 
t a l l i ne  a s  ccqfirmed by  powder x-ray  diffraction methods. I t  would  be ex- 
pected t h a t  the molecules are most h i g h l y  ordered  in  the  crystalline  salt. 
The TGA (Figure 4)  shows a t o t a l  weight loss u p  t o  5 0 O O C  which i s  very close 
t o  the  theoretical  value  while  the  curve i s  re la t ive ly   f la t  from  400-500OC. 
Again, using 450°C as  the t o p  molding temperature  appears t o  have  been a good 
choice.  Since i n  the molding process  water i s  removed under more restr ic ted 
conditions than under open TGA conditions with a small amount of material, i t  
i s  reasonable t o  expect  water removal t o  accur a t  a slightly  higher tempera- 
ture  in molding t h a n  indicated by TGA. In a few cases where higher top  mold- 
i n g  temperatures were used,  poorer  physical  properties  resulted, a1 though  this  
was n o t  checked exhaustively due t o  time 1 imitations. 

3.2 Molding Performance 
3.2.1 Molding Behavior  of  Unpurified PMDA-DAB 

Figure 5 i l l u s t r a t e s  a typical  shrinkage  temperature time  sequence 
of PMDA-DAB bal lmi  11  ed and heated a t  3.8OC/min. a t  4000 psi.  Several  regions 
of rapid  shrinkage can be observed. The shrinkage  regions a t  around 100°C 
and 2 5 O O C  correspond t o  weight  losses  indicated by TGA. The intermediate  rapid 
region a t  15OOC  may coincide w i t h  the lowered melting p o i n t  of DAB, normally 
175°C. The region a t  about 25OOC could  also  correspond w i t h  the lowered melt- 
i n g  point of PMDA, normally 275OC. 
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The possibi l i ty  t h a t  gases might be trapped d u r i n g  the r ap id  
periods of shrinkage,  led us to  the development  of the  "linear  shrinkage 
method"  which i s   i l l u s t r a t ed  i n  Figure 6. However, the mechanical proper- 
t i  ES and the TGA results  obtained on mol d ings  by the 1 inear method i n d i -  
cate t h a t  th is   fear  was unfounded as  discussed  later. The l inear  method 
was subsequently used only on new mixtures or  materials t o  pre-establish 
rough temperature  pressure  parameters  for  satisfactory molding. 

In order t o  proceed toward the  optimization  sf  the molding pro- 
cess a da ta  char t ,   i l lus t ra ted i n  Fig. 7, was updated daily as resul ts  
were obtained. Both rates of r i s e '  of temperature and applied  constant 
pressure were varied w i t h i n  the bounds indicated as final  densities were 
plotted t o  detect an optimum between rate  o f  temperature r i s e  and applied 
pressure,  for  the  highest  density, assuming t h a t  the  highest  density was 
desirable. A ,complex interaction between the two parameters was observed. 
Because polymerization and molding are  occurring  simultaneously,  the con- 
trol  of both pressure  (primarily  affecting  densification) and ra te  of 
temperature  rise  (primarily  affecting  the  rate  of  polymerization)  is very 
important. Too h i g h  a pressure o r  too  h i g h  a r i s e  i n  temperature  causes 
the  material t o  squeeze ou t  of the  die  cavity, whereas the  opposite con- 
d i  tions  cause  insufficient  densification. The  optimum conditions  appear 
t o  allow  the  polymerization t o  proceed fairly  rapidly,  possibly w i t h  i n -  
cipient  melting of monomers o r  low oligomers plasticizing  the  mixture  for 
densification. 

Under the  best molding conditions  i l lustrated i n  F ig .  7 ,  densi- 
t i e s  as h i g h  as 1.27 gms/cc  were obtained i n  samples from ballmilled mix- 
tures. In a d d i t i o n ,  as indicated by the  f i l led  c i rc les ,  h igh  strength 
and modulus values were obtained from  most  of the dense  specimens;  lower 
density specimens were variously  cracked or delaminated, had open porosity 
o r  other  internal  defects and poor, i f  any strength. However, the  best 
molding region was  somewhat indis t inct  and the  samples, which  were mottled 
in  appearance, having different  hardnesses, as indicated  later, i n  the  dif- 
ferent  colored  areas,  indicated t h a t  much  more intimate mixing  was desirable. 

Using blended mixtures, i t  was imediately  apparent t h a t  polymeri- 
zation was occurring more rapidly and uniformly. The optimum molding condi- 
t ions  are  i l l   ustrated  in Fig.  8. The range of temperature  required was as 
before b u t ,  as expected,  the  pressure  required was  somewhat higher. The 
more intimate  mixture polymerizes more rapidly,  therefore, more pressure 
must  be applied t o  densify  the  intractable polymer as i t  forms. A larger 
good molding region i s  observed. However, cracked specimens occurred  within 
the  best molding region. As before,  the  highest  density specimens, up  t o  
1.28  gms/cc., usually corresponded t o  good strength and modulus. 

Proceeding t o  yet  more intimate  mixtures,  freeze-dried  prepara- 
tions were  molded. I t  was immediately apparent, however,  from the  densifi- 
cation  behavior and subsequent TGA analysis t h a t  these moldings were very 
poor, presumably due t o  entrapped  solvent  materials. Thus, this  approach was 
dropped quickly,  particularly  since  the  preparation  of  freeze-dried  mixtures 
was tedious and time-consuming. 
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I t  was then found t h a t  intimate monomer mixtures could be made 
easily i n  the form of a 1 : 1 s a l t  of DAB and hydrolyzed PMDA which readily 
precipitated on mixing hot  solutions of each monomer.  The f i r s t  amorphous 
precipitates were extremely d i f f i cu l t  t o  dry,  requiring  several weeks i n  
vacuum t o  drive  off methanol. The molding behavior, however, was soon 
found to  be very promi sing  as shown i n  Figure 9. The  molded specimens ap- 
peared  very uniform, and most importantly  the TGA, detai led  la ter ,  showed 
a superior thermal s t a b i l i t y  in a i r .  Microhardness resul ts ,  randomly 
taken  over  the specimen , a1 so were much  more uniform t h a n  from mol dings 
derived from ei ther   the m i  1 led  or blended mixtures. For t o p  densit ies , 
about  the same as before,  higher  rates of r i s e  of temperature compensated 
for   s l igh t ly  lower pressures used than i n  the blended case.  This is more 
economical as  the  total time required  per sample is greatly reduced. 

The e f fec t  upon the  shape of the  shrinkage  curve of going from 
milled t o  blended t o  s a l t  mixtures was t o  smooth o u t  the shape of the  shrink- 
age curve so t h a t  the  sharp  periods of shrinkage were greatly reduced. 
This was also very encouraging,  reducing  the  possibility of a need for  the 
l inear approach. B u t  other molding  problems  began t o  appear.  After  the  re- 
su l t s  shown i n  Figure 9 were completed another batch of the amorphous 1 : l   s a l t  
was prepared for  the molding  of 15 samples t o  be supplied t o  NASA/Langley as 
per the  contract  requirement. The elemental  analysis of the second  batch was 
identical t o  t h e   f i r s t  and the T.G.A.  resul ts  on the powders  were also  the same. 
Nevertheless,  in  attempting t o  mold good specimens a t  about  6.5'C/min and 4000 
psi , the  best  region i n  Figure 9 , only poor results were obtained  as shown in 
Figure  10. I t  was necessary,  Figure 10, t o  find a new region of best molding 
for   th i s  new batch  as depicted. Moreover, densities  achieved i n  t h i s  case were 
much higher  as can  be seen and other good features as  given  in  Table I1 were ap- 
parent. We are n o t  sure t h a t  the  conditions f o r  the second amorphous s a l t  batch 
are  optimized b u t  time and money did n o t  a1 1 ow f o r  further  searching. I t  should 
be pointed o u t  t h a t  t h e   f i r s t  batch o f  amorphous s a l t  m i g h t  also mold well under 
these new conditions because the d a t a  of  Figure 9 does not spread i n t o  the same 
pressure/rate of temperature  rise  region. 

In sp i te  of these  diff icul t ies ,   f ive of the samples delivered t o  NASA 
were  made, in  the middle of the  best molding region  as  in  Figure 10, from the 
second amorphous s a l t  batch  as  indicated  in Table IV. A t  this  point  the  material 
ran o u t  and we were forced t o  consider making yet  another  batch. In  checking the 
preparation  in  detail i t  was noticed t h a t  an orange crystalline  material could be 
prepared which also  turned o u t  t o  be a 1:l  salt,   containing  less of the same col- 
ored  impurities as indicated by visible  absorption  spectra (presumably amine oxi- 
da t ion  products) than the amorphous sa l t s .  The TGA of the  material , shown i n  
Figure 4 ,  a1 so indicated i t  may be a bet ter ,  more reproducible molding material. 
We had noticed  this  product  earlier b u t  were misled by what turned o u t  t o  be 
faulty elemental  analyses. Close investigation  revealed t h a t  the  orange  material 
also gave a correct  analysis  for a 1 :1 s a l t  adduct. 

These orange crystals had several  other  desirable  features  for molding. 
Fi rs t of a1 1 , the measured "green density" of the  crystal 1 ine  material , 1 38 g/cc , 
was  much higher t h a n  t h a t  of the amorphous s a l t  so t h a t  shrinkage t o  the  final 
s t a t e  was  much reduced. In further opt imizat ion,  crystal   l ine   sal ts  should faci-  
l i t a t e   f a s t e r  molding cycles. 

Again, no optimization of molding was possible b u t  as indicated i n  
Table IV the remaining 9 specimens supplied t o  NASA were made under conditions 
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similar t o  those of the amorphous sal t   suppl ied.  About fifteen  preliminary 
runs were necessary  with  the  orange s a l t  t o  find t h a t  the  conditions used on 
those  supplied were sat isfactory (though again no t  optimized). As m i g h t  be 
expected from the  t ightly bonded structure of the orange s a l t  ( h i g h  reen den- 
s i t y ,   e t c . )  and the  rapid  polymerization  rate a t  250-3OO0C (Figure 47, higher 
pressure is necessary, 7,500 psi and faster   ra tes  of rise  of  temperature 
4.5'C/min. Densities of the same order as attained w i t h  the amorphous s a l t  
were achieved,  Table IV. Because the  material   is   crystall ine,  i t  can  be ex- 
pected t h a t  pregrinding would affect   the molding properties, and this   a lso 
vas n o t  considered. I t  was seen  earl ier   (Figure 9) t h a t  samples showing very 
even snri nkage  gave the  best   results.  Specimens  which had undergone rapid or 
unusually  great  shrinkage d i d  not  have good strength or  modulus properties. 
In the  case of the  highly  crystal1  ine orange material , however, vir tual ly  a1 1 
samples exhibited a desirable slow uniform shrinkage  behavior  as  depicted i n  
Figure 11. The period of maximum shrinkage  occurred around 250°C which agrees 
with the  onset of rapid  polymerization  as  depicted  in  Figure 4. As w i  11 be ap- 
parent  later,  the  properties of samples molded in   this  manner  from th is  kind of 
sal: were i n  every way superior t o  specimens made from milled,  blended, or 
amorphous sal t   mater ia l .  I t  was also found t h a t  the  preparation of the orange 
c rys ta l l ine   sa l t   i s   fac i l i t a ted  by "seeding". We strongly recommend the use o f  
crystal   l ine   sal ts   in   fur ther  molding studies. 

I t  should also be noted t h a t  the  pressure  ranges i n  th i s  work are 
comparable to  those used i n  other molding studies where prepolymers or o l i -  
gomers are  uti 1 i zed. 

3.2.2 Molding Behavior  of Purlfied Grades  of PMDA-DAB 

A1 though good results could be obtained with commercial monomers , 
i t  was, nevertheless, o f  some in te res t  t o  see  if  purified  materials would 
give  better  results. For a blended  pure PMDA-pure DAB mix, i t  was readily 
apparent t h a t  polymerization was  much slower than for  the impure grade,  re- 
sult ing i n  the need for  lower pressure or slower rates of r i s e  of  tempera- 
ture t o  prevent  squeezing  the much  more f luid mix from the  die. These  con- 
ditions  are  less  desirable. 

To follow u p ,  we br ief ly  examined product  densities as a function 
of monomer purity w i t h  the  following blended mixes  molded a rb i t r a r i l y  a t  
4000 psi and a b o u t  4.O0C/min. 

Pure PMDA and pure DAB 1.26 g/cc 
Pure PMDA and impure DAB 1.23  g/cc 
Impure PMDA and pure DAB 1.16 g/cc 
Impure PMDA and impure DAB 1.07 g/cc 
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Since a lower density  reflects  faster  polymerization,  these  re- 
sul ts indicate  that  impurities  catalyze  polymerization. The conditions were 
not optimal for  each mix, b u t  the mixes  were prepared t o  minimize the  inter-  
ference of purely  physical  effects such as p a r t i c l e   s i z e ,   e t c .   I t  is clear  
t h a t  bo th  the comnercial grades  of DAB and PMDA have contaminants which pro- 
mote polymerization. In case of PMDA, this is almost certainly  the  free  acid 
form and this is   consis tent  w i t h  previous  reports of acid  catalysis of poly- 
merization and cyclization i n  the  formation of polyheterocyclics  (Refs. 6,7,8) 
such as  using  polyphosphoric  acid as a solvent and catalyst  o r  organosulfonic 
acids as catalytic  additives (Ref. 9 ) .  In the  case of DAB, we suspect t h a t  
protons  are  yielded on conversion of the  1-electron oxida t ion  product,  the so- 
called Wurster  ion  of the amine, t o  quinoid  products. In the puri  f-ied BTDA- 
DAB system the same ef fec t  was even more dramatic  as  indicated  later  in  this 
report. 

The need t o  study  effects of puri ty  was greatly reduced when the 1 :1 
s a l t s  were discovered.  Purification was achieved  during  the  preparation,  as 
indicated by good analyses. Moreover, PMDA is  present as the  free  acid, ob- 
v i  ating  the need for  acidic  impurities or added catalysts.  Fastest polymeri za- 
tion was observed  with c rys ta l l ine   sa l t s ,  presumably because  of optimum molecular 
mixing and alignment o f  the monomers. Also, even though the  polymerization i s  
fas te r  with crystall ine  salts ,   at taining  fully  densified moldings is   easier  
because the green crystal 1 ine  sal t   densi ty   is  a1 ready  1.38 g/cc. 

3.2.3 Molding  Using the  Linear  Shrinkage Method 

The linear  shrinkage was used  most for  blended PMDA-DAB. Compared t o  
using  ballmilled monomer mixtures, much greater  reproducibility  in  density from 
1.10 - 1.25 g/cc was achieved with wide variation of the  rate o f  r i s e  of tempera- 
ture from  3-7"C/min. The pressure  variations compensated for  the  differing pl as- 
t ic i ty   re la t ionships  w i t h  temperature. The mechanical properties  etc.  did not  
appear t o  favor  this method for this  mix i n  sp i te  of the  better  reproaucibility. 
However, i t  may well be t h a t  the  recently uncovered* sa l t s  might show improvements 
by this  approach in further work. 

3.3 T.G.A. Results on Moldings 

Of most i n t e re s t   i s   t he  thermal s t ab i l i t y  of moldings in   a i r  - 
although some da ta  i n  nitrogen has also been obtained. Thermal s t ab i l i t y  
of materials i n  a i r  are  comonly measured a t  up  t o  1 O 0 C / m i n  for example as 
reported  in  the  literature. However,  such results  bear no absolute  rela- 
tion t o  useful  applications where materials  are going t o  be held a t  elevated 
temperatures for long periods of  time.  Figure 1 2 ,  f o r  example, shows a 
representative TGA curve for a PMDA-DAB molding from the m i  1 led  mixture w i t h  
the  highest  tensile  strength found, 21,000 psi. The upper curve a t  1O0C/min. 
suggests a thermal s t ab i l i t y   ( i . e .  no weight loss) t o  about  5 O O O C  for th i s  
material. A more real is t ic   value,  however, i s  obtained by measuring the 
TGA a t  0.5'C/min. as shown in  the lower curve with  weight loss comnencing a t  
a 1 i t t l e  more than 300OC.  With slow rates of r i se  of temperature, we were 
able t o  discriminate  fairly  easily between small differences  in molded  sam- 
ples; whereas,  with the  fast   rate of heating, most products appeared s table  
t o  near 500°C. We would  recommend t h a t  future non-isothermal work on the 
s t ab i l i t y  of h i g h  temperature  plastics be carried o u t  a t  no more than 0.5"C/min; 
a l l  TGA da ta  on the moldings in  this  report  are based upon this  rate.  
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The progressive improvement i n  thermal s t ab i l i t y ,  as the molding 
techniques improved  and  methods of mixing became  more intimate, i s  shown i n  
Figure  13, w i t h  an enlarged view i n  Figure 14. For a given method of mix ing ,  
thermal stabi 1 i ty  general  ly improved as  the  density  increased, and Figure  13 
shows results t h a t  were typical of the  best  for each par t icular  method. 
Moldings made from milled PMDA-DAB showed thermal s tabi l i ty   general ly  up t o  
about  330°C. Blended samples,  as  indicated,  using bo th  the  constant  pressure 
and l inear  methods  showed s t a b i l i t i e s  t o  around 350-370°C. The bes t   s tab i l i ty  
i s  shown , however, by the moldings made from the 1 :1 crystal  1 ine PMDA-DAB s a l t  
with s t a b i l i t i e s  t o  400°C; the improvement doubtless  is  related t o  more per- 
fect  polymerization t o  the more nearly  theoretical Pyrrone structure,  a view 
reinforced by exceptionally good agreement of elemental  analysis  results w i t h  
theory. With milled and blended materials  the thermal s t a b i l i t y  was very i r -  
reproducible, b u t  w i t h  the sal t   mater ia ls  made under the optimum conditions, 
as indicated  earlier,  the TGA analysis was extremely  reproducible a t  around 
400OC. 

A brief  investigation was  made of the  effect  of the top  mol ding tem- 
perature on the thermal s t ab i l i t y  of moldings made w i t h  the   crystal l ine  sal t .  
For three  samples, molded identically,  except t h a t  the samples were held for  
one hour  a t  450"C,  500°C and 540"C, the a i r  s t ab i l i t y  was 400", 380°C and 36OOC 
respectively as indicated by TGA. We are  reasonably  certain t h a t  450°C i s  
abou t  the optimum t o p  temperature  for our  forming conditions, bo th  from th is  
evidence and from the  pre-evaluation  as shown i n  Figure 4. Similar  effects 
were indicated  in o u r  work on milled and blended PMDA-DAB. Similarly AVCO 
workers have  found t h a t  400"-425°C i s  a good forming temperature when using 
ol i gomers instead o f  monomers. (Ref. 10)  

Specific TGA s t ab i l i t y  temperatures  for  various samples are  indi- 
cated  in  the Summary Tables a t  the end  of this  report. 

3.4 U1 trasonic Modulus Results 

Increasingly good, reproducibly h i g h  ultrasonic modulus values 
were achieved  as work progressed. In many early specimens i t  was not 
possible t o  measure modulus a t  a l l  because of internal flaws. The range of 
modulus  measured with each type o f  mixing i s  as fo l  lows: 

Mi 1 led 1 .7  - 2.8 x lo6  psi 
B1 ended 1.0 - 2.8 x lo6  psi 
Amorphous Sa l t  0.9 - 4.2 x lo6  psi 
Crystalline S a l t  1.0 - f . 2  x 10 psi 

6 

I t  can  be seen t h a t  the  higher  values measured increased  as  the method of 
mixing  improved reflecting much better  internal bonding;  while  higher  density 
reflected more perfect specimens. The lower bounds, decreasing  in  the same 
direction,  are  for lower density specimens for which no modulus values  could 
be obtained from early moldings. The fac t  t h a t  resul ts  were obtained  in 
l a t e r  specimens again  indicates uniform polymerization. 
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In all  cases,  the very highest  density specimens, which d i d  no t  give 
the  best  strength  values , a1 so gave poor or no modulus measurements. The re- 
producibil i t y  of modul  us values i n  the optimum molding region  generally irn- 
proved on going from mi 1 led t o  blended t o  sal t   mater ia ls ,  and were the  best 
w i t h  moldings made from the  orange  crystalline  salt;  these  values  are  given 
i n  the Summary Tables l a t e r   f o r   a l l  of he 15 samples as  supplied t o  NASA. 
The highest  value  for modulus, 1.2 x 10 E psi ,   for  a molding made from crystal-  
l i n e   s a l t ,  is unusual and inexplicable.  Occasionally, i n  each  molding system 
a very h i g h  resul t  was obtained. Modulus could be a sensitive  function of the 
degree of cross-linking of these  materials. Color changes t h a t  may be indica- 
t ive of this are  apparent even i n  moldings from the   c rys ta l l ine   sa l t ,  where a 
bluish  color was achieved w i t h  higher  hardness and more brit t leness  ( these 
often broke i n  macrohardness tes t ing) ,  while a brownish cast  was seen w i t h  
softer  materials.  This whole area should be closely  investigated i n  the  future. 
For h igh  density specimens of Pyrrone,  1.37g/cc, AVCO workers  (Ref. 10) were able 
t o  a t t a i n  a s ta t ic   f lexura l  modulus of about  0.9 x 106 psi ,  very similar t o  our 
1 a t e r  data .  

3.5 Hardness Results 

Progressively uniform hardness was achieved during  the work period. 
Early samples made by milling showed great va r i a t ion  i n  hardness  properties; 
particularly  the  hardness  varied from dark brown colored  regions where hardness 
was h i g h  and perhaps at t r ibutable  t o  more crosslinking t o  l igh ter  orange  colored 
areas where the  hardness was 1 ower. The  mil led samples showed a large  variation 
in  hardness both within  single specimens and as a function  of  density The 
Knoop hardness (1009 load)  rose i n  good specimens from abou t  35kg./mmf a t  a den- 
s i  t y  of 1.1 5g/cc t o  the  highest  values around 60kg./mm2 a t  a density of about 
1.23g/cc;  hardness then dropped again t o  abou t  30kg./m2 a t  a density of about 
1.27g/cc. A maximum in  hardness  versus  density has  been seen  in a l l  composi- 
tions. The better blended samples showed  much less  variation  in  hardness, b o t h  
within  single specimens and as a function f f  the  density. The highest  hardness 
values  were,  in this  case, a b o u t  50 kg./mm a t  a density of about  1.23g/cc. 
A t  low and h i g h  densit ies,  about  1.18gm/cc and above 1.25g/cc,  hardness  values 
around 35kglmn2 again were observed. 

With specimens made from the amorphous s 1 t ,  a very large va- 
r i a t i o n  i n  hardness  ranging between 20 and 50kg/n 9 was seen with much 
less  apparent  density dependence. I t  was found t h a t ,  hardness was rough- 
ly  proportional t o  strength  for samples t h a t  were strength  tested. How- 
ever, no close  relationship between hardness and density or strength was 
unearthed and hardness  cannot,  as f a r  as we can see a t  present, be used 
as a "quality  control''  parameter. This may be partly because microhardness 
tes t s  too  smal 1 a region o f  non-uni  form Pyrrone  moldings. However, i n  the 
Summary Table of the da ta  on 15 s a l t  derived specimens supplied t o  NASA, 
hardness was much  more reproducible and ,  in  these  cases, macrohardness t e s t s  
could be carried o u t  on the   l ess   b r i t t l e  samples. For moldings made from 
the orange c rys t a l l i ne   s a l t  i t  may be possible t o  use  macrohardness  as a 
control  parameter and as a non-destructive  test. 
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I t   i s   i n t e r e s t i n g  t o  note  that  these  plastics appear t o  be the 
hardest   unfil led  plastics  ever made. A value of 100 on the Rockwell E scale,  
commonly used for   plast ic   mater ia ls ,  corresponds t o  70 on the Rockwell B.  
The range  of 70-100  Rockwell B i s   typ ica l  of h i g h  temperature  stainless 
s tee ls  and hardened t i tan ium alloys.  Special  applications  i.e.  for  bearings 
etc. may arise  using  this  particular  property  of  Pyrrones. 

3.6 Diametral Strength 

Diametral tensile  strengths followed a similar  pattern t o  the  other 
physical  properties measured. Increasing  reproducibility was achieved, b u t  
sometimes a t  the expense  of less  high values. For example, the  highest  ten- 
si   le  strength found during  the who1 e work period was 21,000 psi on a sample 
of milled PMDA-DAB; b u t  t h i s  molding composition often  also gave samples of 
very low density and strength. blended materials produced more reproducibility 
in  strength b u t  samples made bo th  by the  constant  pressure and the  linear 
shrinkage method generally reached strengths of only about  15,000 psi. Im- 
provements were obtained  with  the amorphous s a l t  s t a r t i ng  material ; the  highest 
value  achieved was 19,800 psi. For the  type of  samples sent  to NASA the h i g h -  
est   strength found was 11,500 psi  (only two specimens  could be tested because 
o f  lack of time), b u t  offset t ing  this   is  much higher  thermostability which i s  
of paramount importance. Strength  results  are summarized i n  the Summary Tables 
of Properties. The increasing  uniformity and reproducibility o f  strength  re- 
su l t s  again re f lec ts  a bet ter  uniform, more l inear  polymer formation  using  the 
more sophisticated mix ing  techniques.  Better  reproducibility, even a t  the ex- 
pense of  s l igh t ly  lower  upper tensi le   s t rengths   is   c lear ly  more desirable i n  
any engineering  application. For the  la ter  specimens, i t  was apparent t h a t  
tensile  strengths showed a good correspondence w i t h  the modulus, i .e. ,  as the 
modulus increased so also d i d  the  tensile  strength.  Again, a non-destructive 
t e s t  may be available. 

For each composition aga in ,  an optimum strength:  density  relation- 
ship was confirmed. The general quali ty o f  specimens o f  anomalously  high 
density was poor. 
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4. GENERAL RESULTS AND DISCUSSION OF OTHER SYSTEMS 

Data for  systems other than PMDA-DAB is  included i n  the Summary 
Tables i n  Section  5.  In no case was optimization  possible. However, no- 
t h i n g  was observed which conflicted w i t h  the  general  trends  already out1 ined 
for  the PMDA-DAB system and we would anticipate  that  rigorous  procedures 
could  produce much superior  physical  properties i n  a1 1 cases. 

4.1 Prceval uation  of Molding Powders Other Than PMDA-DAB 

General conclusions drawn d u r i n g  the preeval  uation  of PMDA-DAB 
powders by TGA methods were found to  apply  equally  well  to other systems. 
Figure  15, fo r  example, i l l u s t r a t e s  the different TGA behavior of BTDA-DAB as 
a milled mixture and as the 1  :1 s a l t .  Polymerization  of  the s a l t  i s  completed 
a t  lower temperatures, around 4OO0C, due t o  the molecular scale of  mixing. 
The f l a t  region between 400-500°C indicates  that  good thermally  stable moldings 
would be obtained a t  450°C. The milled mixture s t i l l  shows mass lo s s   a t   t h i s  
temperature and should  not produce moldings w i t h  as good properties. Quite a 
few molding experiments were carried o u t  on milled and blended mixtures  before 
the s a l t  was  made. 

Figure 16 i l lustrates   the good TGA behavior  of  the  purple  crystalline 
NTCA-DAB s a l t .  The theoretical weight loss occurs a t  450°C w i t h  a s t a b l e   f l a t  
region between  450°C and 550°C. This TGA suggests  that molding u p  t o  500°C 
m i g h t  produce bet ter   resul ts .  We had  no time t o  investigate this further.  

The TGA behavior of a molecule  containing a l l  the  functional groups 
necessary  for i t  alone t o  produce a h i g h  temperature polymer, namely, 4,5- 
diaminonaphthal i c  anhydride  (Ref. 11 , 1 2 )  appears i n  Figure  17. A short  de- 
composition  region i s  seen between 300 and  425 "C w i t h  theoretical weight loss 
a t  450°C.  However, no f l a t  region seems t o  be present  for  this  particular 
monomer. A few samples have, however, been molded around 450°C w i t h  this 
material. 

Figure 18 i l l u s t r a t e s  the  only imide  system that we have looked a t .  
The TGA i n  b o t h  a i r  and nitrogen a t  5"C/min.  i s  shown,  and the  choice of 450°C 
again  as the top molding temperature  appears  appropriate. Even the  finely 
divided polymer materi a1 , as produced i n  the TGA apparatus,  appears  stable i n  
a i r  t o  450°C w i t h  this r a t e  of r i s e  of  temperature. 

4.2 Molding Results 

The parameters  outlined  for the molding  of PMDA-DAB were found to  ap- 
ply i n  a1  1 the other systems tha t  were studied. A1 1 s a l t s  gave much more regu- 
l a r  uniform shrinkage  than blended or  milled  materials and the  extent of  
shrinkage was less  due t o  the higher  density of the starting  material. When 
conducted properly, no problems due t o  water  escape were observed, a1 though i n  
the case where the HC1 s a l t  of TAB was used there were definite  signs  that HC1 
emission was causing problems. In the very  small amount of work tha t  was car- 
ried o u t  on half   es ter   mater ia ls  of PMDA-DAB, problems due t o  the escape o f  
methanol and isopropanol were indicated. These materials  also tended to  squeeze 
very eas i ly  from the die, and thus were very  unsuitable  for  our molding opera- 
tion. Summary tables  of noteworthy  specimens l i s t  the densit ies achieved under 
the various mol d i n g  conditions . 
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4.3 T.G.A. Results On Moldings 

A t  the  low  end o f   t h e   t h e r m a l   s t a b i l i t y   r a n g e  were  moldings made 
f rom  aminophthal ic   ac id ,   a t  330OC.  PMDA-TABP (tetraminobenzophenone) was 
s t a b l e   t o  350OC. This  system  should  be  super ior   to  the PMDA-DAB mix tu re  
w i t h  more work. S i m i l a r l y   h i g h  was the  PMDA-TAB ( te t ramino benzene) b u t  
he re   on l y   t he  HC1 s a l t   o f  TAB  was used. Mi l led  comnerc ia l  BTDA commercial 
DAB was the rma l l y  more s t a b l e   a t  36OOC than  the   equ iva len t  PMDA-DAB, 32OoC, 
as expected.  Similarly,  the  commercial BTDA comnercial DAB i n   t h e   b l e n d e d  
form, a t  37OoC,  was  20°C h igher   than  the  equiva lent  PMDA-DAB mix.  For  the 
pure amorphous BTDA-DAB -,a 10°C increase was found  over   the  equiva lent  
PMDA-DAB -. F o r   m i l l e d  and b lended  mix tu res   the   thermal   s tab i l i t y  de- 
f i n i t e l y   i n c r e a s e s   w i t h   p u r i t y ;   s a l t s  gave the  most  thermal ly  stable  products.  
Pa r t i cu la r l y   encourag ing  were t h e   r e s u l t s   f o r   t h e   p u r e  NTCA pure DAB blended 
m ix   g i v ing   mo ld ing   s tab le   t o  400°C; f o r   t h e   e q u i v a l e n t   c r y s t a l l i n e   s a l t ,  
s t a b i  1 i ty as h igh  as  460°C  was seen , t h e   h i g h e s t   o f  any molded h igh  tempera- 
t u r e   p l a s t i c  made by  us. 

4.4 U1 t rason ic  Modulus Results 

U1 t rason ic  modulus r e s u l t s  of t h e   o r d e r   o f  magni tude  expected  with 
t h e   l i m i t e d  amount o f  work  possible  were  obtained.  For  the BTDA-DAB system, 
a modulus o f  0.9 x 106 p s i  was achieved. The l a t t e r   r e s u l t   i s   r a t i f y i n g l y  
h igh.  One m igh t   an t i c ipa te   ach iev ing   resu l t s  as h igh  as 5 x 10 B p s i   w i t h  op- 
t i m i z a t i o n ,   p a r t i c u l a r l y   w i t h  somewhat higher  molding  temperatures. 

4.5 Hardness  Resul t s  

For  the BTDA-DAB system, a range o f  Knoop hardness  between  14 and 
36kg/mm2 (1009  load) was seen. For  the NTCA-DAB mix tu re   ra the r   rep roduc ib le  
hardness,  between 2.1 and 39kg/mm2 were  achieved. 

4.6  Diametral  Strengths 

The on ly  example of   h igh  s t rength  found,  14,600 p s i ,  was f o r  a 
BTDA-DAB specimen. This  was a p a r t i c u l a r l y   i n t e r e s t i n g   r e s u l t  because  general- 
l y  dur ing  the  mold ing of the BTDA-DAB compos i t i on ,   po l ymer i za t i on   o f   t he   pu r i -  
f i e d   s t a r t i n g   m a t e r i a l s  appeared  very  slow s o  t ha t   squeez ing   ou t   o f   t he   d ie  
occur red   a t   qu i te   low  p ressures .   Wi th   the   d iscovery   tha t   po lymer iza t ion   in   the  
PMDA-DAB system was inf luenced  by  the  presence  of   acid,   the BTDA-DAB composi - 
t i o n  was  a1 lowed t o   s t a n d   i n   t h e  open a i r   f o r   s e v e r a l  days , h o p e f u l l y   t o   p i c k  
up water. The molding  behavior was  now found t o  be comple te ly   d i f fe ren t ,   p ro-  
ducing specimens t h a t  appeared t o  be much super ior .   Unquest ionably  acid  cata- 
l y s i s   o f   p o l y m e r i z a t i o n  must be occurr ing.  The b e s t   s t r e n g t h   r e s u l t   f o r   t h e  
NTCA-DAB mate r ia l ,  4,800 p s i  , was found f o r   t h e  amorphous s a l t .  
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5. SUMMARY TABLES OF RESULTS 

TABLE I 

TEMPERATURE OF TOP THERMAL STABILITY I N  
A I R  (0.5"Cimin) OF HOLDINGS OF VARIOUS MIXES AND MONOMERS 

Comnercial PMDA t Comnercial DAB - mil l e d  
Pure  aminophthal i c  ac id  - monomer 
Commercial PMDA + Commercial DAB - blended 

*Commercial PMDA + Pure TABP- s a l t  
Commercial PMDA + Commerci a1 DAB - f reeze  dr ied 
Commercial PMDA + Comnercial TAB HC1 
Commerci  a1 BTDA + Comnercial DAB - m i  1 l e d  
Commercial BTDA + Comnercial DAB - blended 
Pure PMDA t Pure DAB - s a l t  
Pure PMDA t Pure DAB - blended 
Pure BTDA + Pure DAB - s a l t  
Pure NTCDA t Pure DAB - blended 
Pure PMDA t Pure DAB - f reeze   d r i ed  
FIRL DANA - s i n g l e  monomer 
Pure NTCDA t Commerci a1 DAB - blended 
Commercial PMDA & Comnercial DAB - s a l t  
Pure NTCDA t Pure DAB - s a l t  

320 " C 
330°C 
350°C 
350°C 
350°C 
350" C 
360 " C 
370°C 
380°C 
390°C 
390°C 
4000c 
400°C 
400" C 
410°C 
410°C 
460°C 

* 
TABP = 3,3 ' -4;4 '  tetraaminobenzophenone 

34 



Sample No, Method o f  Mix ing  

TABLE I 1  

SUMMARY OF THE  MOLDING AND PROPERTIES OF SOME OF THE  BETTER  SAMPLES OF PMDAtDAB 

I 
w 
cn 

602 
603 
608 
610 
61  3 
61 4 
61  5 
620 
622 
626 
629 
677 
683 
689 
691 
696 
706 
707 
71  1 
720 
747 
748 
755 
756 
757 
758 
765 
779 
794 
795 

M i l l e d  
II 

II 

I1 

II 

I I  

II 

II 

I I  

II 

II 

I I  

Blended 
I I  

I1 

II 

II 

,I 

I1  

It  

II 

,I 

I I  

,I 

I1  

I I  

, I  

I I  

II 

I1 

Rate o f  
Rise o f  

Temperature 
up t o  45OOC 
"Clmi n 

4.35 
4.3 
4.7 
3.1 
4.7 
3.9 
4.4 
3.25 
4.3 
2 .7 
3.75 
3.0 
4.3 
3.4 
4.15 
4.45 
2.9 
3.9 
4.1 
6.85 
5.0 
4.0 
4.5 
4.0 
3.6 
4.25 
5.35 
4.4 
7.6 
4.5 

Appl ied 
Pressure 

p s i  

4,000 
3 , 500 
5,000 
5,000 
3 , 500 
4,000 
4 , 500 
4 , 300 
4,200 
3 , 800 
4,000 
4,000 
6,000 
L inear  
4,000 
4,000 
5,000 
5,000 
5,000 
4 , 000 
L inear  
5,000 
4,000 
4,000 
4,000 
4,000 
7,000 
7,000 
5,500 
5,500 

Densi ty 
g/cc 

1.24 
1.15 
1.23 
1.21 
1.16 
1.27 
1.27 
1.26 
1.26 
1.23 
1.26 
1.20 
1.14 
1.24 
1.20 
1.20 
1.19 
1.18 
1.28 
1.21 
1.18 
1.23 
1.26 
1.07 
1.23 
1.16 
1.24 
1.20 
1.17 
1.21 

Strength 
equ iva len t  
Tensi 1 e(  a) 

10,200 
21 , 000 
19,000 

7 , 500 
11,000 

3 , 500 
4,100 
8,000 

10,000 
9,000 

10,500 
14,500 
8,100 

11,800 

12,500 
12,100 

4 , 300 

2,700 

5 , 600 
1,000 

Hardness TGA( c) 

(1009 load1  x lO6psi  i n   a i r  
Knoop Modulus(b) O.S"C/min 

55 
34 
58 
26 2.6 
34 
39 
28 
15 
50 
21 1.7 
23 1.7 
20 

38 
35 2.8 
42 
37 

1.5 

44 .25 
49 .36 

39 

1.1 

1.2 

.28 

.32 

.29 

Oxidat ion be- 
g i n n i n g   a t  
3000c 

~ 3 5 0 "  

Notes a t  end o f  tab le ,  page 37 



TABLE I I (cont inued) 

SUMMARY OF THE  MOLDING AND PROPERTIES OF SOME OF THE  BETTER  SAMPLES OF PMDAtDAB 

Rate o f  
Rise o f  

Temperature 
up t o  450°C 

Sample No. Method o f  M i x i n g  "C/min 

800 B1 ended 
809 

5.2 
6.5 

81 0 4.9 
820 4.5 
821 ( e )  3.5 
836 (e )  
881 (e) 

4.5 
2.9 

882 ( e )  
883(  e) 

1.9 
3.0 

921 Amorphous 1 : l   s a l t ,   1 s t   b a t c h  4.8 
946  4.3 

5.8 
11.1 
10.0 

5.9 
6.0 
7.0 
6.2 

1042 Amorphous 1 : l   s a l t ,  2nd batch  6.5 
1055 6.5 
1079 
1082 

5.8 
5.9 

1086 
1087 

4.3 
5.0 

1088 
1092 

5.25 
4.1 

1094 
1100 

3.6 

1103(h) 
3.7 

1104 
3.3 
3.5 

1105 3.1 

I, 

I, 

,I 

II 

,I 

II 

,I 

II 

I, 

II 2 K I  
977(  d) I1 

979(  d) 
980 
986(  d) II 

987(  d) 

I1 

I, 

II 

I1 

II 

I, 

I, 

II 

I, 

,I 

II 

II 

II 

I 1  

I1 

Appl i ed 
Pressure 

p s i  

6,000 
8 , 000 
8,000 
L i n e a r  
6,000 
L i n e a r  
5,000 
5,000 
5,000 
L i n e a r  
L i n e a r  
5,000 
4,000 
4,000 
4,000 
5,000 
4,000 
4 , 500 
4,500 
4 , 000 
4,500 
4,750 
5,500 
5,500 
5 , 700 
6,000 
5,900 
5 , 500 
6,300 
6 , 300 
6,500 

Dens i ty 
g/cc 

1.21 
1.21 
1.21 
1.21 
1.25 
1.24 
1.19 
1.20 
1.26 
1.24 
1.17 
1.25 
1.25 
1.21 
1.22 
1.24 
1.26 
1.27 
1.23 
1.12 
1.24 
1.14 
1.27 
1.27 
1.27 
1.23 
1.28 
1.21 
1.29 
1.29 
1.30 

St rength  

Tensi 1 e(  a) 
e q u i v a l e n t  

8,000 
10,700 
12,600 
3,600 
9,600 
6,400 

12,100 
9,000 

1 3,000 
5 , 800 
2 , 200 

19,800 
14,600 
5,300 

10,900 
12,700 
16,300 
17,300 
4 , 200 

10,300 
3,600 
8,100 
9 , 200 

10,100 
3,200 

12,300 
5,800 
9,400 

14,300 
15,600 

Hardness 
Knoop 

(1 OOg 1 oad) 

32 
15 

43 

18 

40 
43 
38 
43 
40 
50 
43 

47 
41 
44 

44 

38 

45 

TGA( c) 

x  106 p s i  i n   a i r  
Modul us (b)  0.5"C/mi  n 

1 .o 
1 . 6  
1 .oo 370 

0.86  390 

. "  

.97( f )  
~~ ~ 

.58( f )  
1.12  350 
1.16 390 

0.93 
0.91 
0.92 

1.90 
1.13 
1.12 

Notes a t  end o f  t a b l e  , page 37 



TABLE I1 (continued) 

SUMMARY OF THE  MOLDING AND PROPERTIES OF SOME OF THE  BETTER  SAMPLES OF PMDA DAB 

Rate o f  
Rise o f  

Temperature  Applied  Strength Hardness T W c )  
up t o  450°C Pressure  Densi ty  equivalent Knoop Modulus(b) 0.5"C/min 

Sample No. Method o f   M i x i n g  "Clmi n psi  g/cc  Tensi le(a)  (1009  load) x 106 p s i   i n   a i r  

1108 
1109 
1110 
1111 
1112 
1113 
1114 
1118 

4 1120 
I 03 1119 

Amorphous 1 :1  sal  t,2nd  batch 2.7 
3.5 11 

3.0 
3.75 
3.5 
4.25 
3.0 
4.25 
3.0 
3.8 

6 , 750 1.30 
7,000 1.32 
5,900 1.25 
6 , 700 1.28 
7,300 1.30 
7,300 1.29 
7,300 1.30 
7,500 1.27 
8,000 1.16 
8,000 1.30 

a By the  diametral  method 

Sonic method 

Temperature a t  which  weight   loss  s tar ts  

St rength  increases  un i formly  wi th  modulus f o r   t h i s   s e r i e s  

e With  carbon  f iber  " re inforcement"  (not   fo l lowed up, was a qu ick   t es t   on l y )  

In ternal   f laws  showing sound r e f l e c t i o n  

Highest modulus  specimens a lso  have good s t rength  

Went t o  490°C 

15,200 
10,200 
4 , 800 
8,000 

12,000 
14,600 
9,600 
7,400 
2 , 200 

12,800 

43 

50 

48 
375" 

2 .oo 
1.15 

2.09 



TABLE I11 

Sample No. 

709 
738 
81  5 

81  6 
825 
866* 
894 
89  7 
91  3 

1061 
1062 
1063 
1064 
1065 
1066 
1068 
1070 
1075 
1076 
1077 
11 07** 
1186 
1187 

SIGNIFICANT MOLDING AND PROPERTIES OF THE BTDA-DAB AND NTCA#+DAB SYSTEMS 

Rate of 
Rise of Strength  

Temperature  Applied  Equi Val e n t  Hardness 
up t o  45OOC Pressure   Dens i ty   lens i le (a )  Knoop 

Composition  Method of  Mixing "C/min p s i  g/cc   ps i   (1  OOg 1 oad) 

BTDAtDAB M i l l e d  
II I1  

I1  Blended i n   c y c l o -  
hexane 

II II 

I, I1  

II II 

II 

II II 

II I 1  

Amorphous s a l t  

Pure NTCAtDAB I' 
II II 

II  II 

I1 II 

II I1  

I1 I1  

I1  (1 

I 1  II 

II  II 

I, II 

I, II 

Crude NTCA+DAB 'I 

Pure NTCAtDAB C r y s t a l l i n e   s a l t  
II  II 

3.5 
5.0 

4.4 
4.0 
3.3 
2.4 
4.4 
5.9 
5.0 
5 .O 
6.0 
5.0 
4.0 
6.0 
4.0 
4.0 
6.4 
5.5 
6.0 
5.5 
5.0 
3.0 
3.2 

6,000 
4,000 

4,000 
4,000 
4,000 
L inea r  
L inea r  
L inea r  
L inea r  
5,000 
5,000 
4,500 
4 , 500 
4,500 
4,500 
5,500 
5,500 
5,600 
5,750 
5,250 
5,000 
5,800 
5,800 

1.19  5,500 
1.11 

1.33 
1.16 6 , 300 
1.14 
1.20 14,600 
1.20  2,800 
1.17 4,800 
1.40 2,000 
1.41 2,500 
1.33 1,000 
1.36 2,000 
1.37 1,400 
1.37 3,600 
1.37 2,700 
1.35 3,100 
1.33 3,000 
1.36  1,700 
1.3 2 , 500 
1.34 1,600 
1.36 2,100 

1.33 1,400 
1.35 2,700 

36 

14 
19 

20 
26 
21 
28 
26 
26 
31 
30 
22 
23 
39 
35 

T W  c) 

x lot p s i   i n   a i r  
Modul s(b) 0.5"C/min 

Ox ida t ion  
beginning 
a t  360" 

0.9 

0.9 }%400"C 

1 1.2 

%45OoC 

0.64 1 
* 

St rongest  BTDAtDAB specimen - a l lowed  mix   to   s tand i n  a i r   p i c k i n g  up   water   vapor   to   ca ta lyze   po lymer iza t ion  
** 

Top temperature 5OOOC 
#1,4,5,8 - naphthalenetetracarboxylic a c i d  

a- by  the  d iametra l   method;   b-   u l t rasonic  method; c -   tempera ture   a t   wh ich   degradat ion   s ta r ts  



TABLE IV 

W 
W 

PYRRONE MOLDINGS AS SUPPLIED TO NASA PREPARED FROM  PMDAtDAB  SALTS 

Rate o f  
R i s e   o f  

Temperature  Applied 
up t o  450°C Pressure  Density  Modulus  (macro-)  (micro-) 

Hardness 

Sample No. S a l t  Type "C/mi n p s i  q/cc 106 ps i   ( "Rockwe l l   B " )   (hoop)  lOOg l o a d  

1122 Amorphous 1 : l   s a l t  3.3 
1130 
1132 
1134 
1135 
1149  Orange Crys;al. 1 : l s a l t  5.0 
1152  4.5 
1153 5.0 
1154 4.5 
1156  5.0 
1159 
1161 (b )  

5 ,O 
5.0 

1163(b,c) 5.0 
1167 5.0 
1181  5.0 
1184 
1194 

5.0 
5.0 

II 

H 

II 

I1 

3.25 
3.25 
3.25 
3.25 

11 

I 1  

I1 

11 

I1 

I (  

I1 

n 
11 

I 1  

7,000 
6 , 700 
6,700 
6 , 700 
6 , 700 
6,700 
7,500 
6 , 700 
7,500 
7,500 
7 , 500 
7,500 
7,500 
7,500 
7 , 500 
7,500 
7,500 

1.2Og/cc (a )  
1.31  1.1 
1.31  1.2 
1.29  1.2 
1.31  1.1 
1.29 1 .o 
1.30  1.1 
1.26 1 .o 
1.31 1.1 
1.29  1.3 
1.32  1.3 
1.28  1.1 
1.28  1.1 
1.28  1.3 
1.27  1.2 
1.29  1 .o 
1.27 

102 
94 

101 
103 
94 
63 
64 
62 

77 
80 
88 

77 
74 
84 
80 

34 
41 

50 

30 
52 
17 

52 

17 
53 

(a )  Modulus n o t  measured, b u t   i n c l u d e d  because o f   h i g h  hardness 

(b )   D iamet ra l   t ens i l e   s t reng th :  11,500 p s i   f o r  No. 1161, 5,100 p s i   f o r  No. 1163 

(c )   Mo lded  to  500°C 



6. ANALYTICAL DATA 

Some s i g n i f i c a n t   a n a l y s e s   w e r e   c a r r i e d   o u t  on t h e   v a r i o u s   s a l t s  
and  two  moldings  therefrom  as  fo l lows: 

ELEMENTAL ANALYSIS ( % I  OF 1 :I  SALTS^ OF UNPURIFIED MONOMERS~ 

PMDA- DAB^ 
" 
Cal  c.  Found 

BTDA-Pure DAB NTDA-Pure DAB 
Cal  c.  Found Cal  c.  Found 
" " 

C 56.41  56.32  60.84  59.31  60.27  61.76 
56.41  59.18  61.99 

H 4.30  4.22  2.47  4.53  2.33  3.52 
4.30  4.35  3.48 

N 11.96  11.84  9.79  11.63  10.81  10.01 
11.77  11.70  10.12 

ELEMENTAL  ANALYSES  OF TWO  MOLDED  POLYMER  SAMPLES  FROM 1 : l  PMDA-DAB SALT 

Molded  Polymer, C33 H8 N4 O2 

Calc.  Found 
c 73.33  73.50 

73.01 
H 2.22  4.05 

b 

3.83 
N 15.56  15.46 

15.70 

a P r e p a r e d   f r o m   u n p u r i f i e d  monomers 

bby  Gal b r a i   t h   L a b o r a t o r i e s  

P a r t i c u l a r l y   e n c o u r a g i n g   a r e   t h e   c l o s e   t o   t h e o r e t i c a l   r e s u l t s   f o r   t h e   i m p u r e  
PMDA-impure DAB s a l t   s y s t e m .  The p u r i f i c a t i o n ,   a p p a r e n t l y   o c c u r r i n g   d u r i n g  
the  procedure as e v i d e n c e d   b y   t h e   a n a l y s i s   a n d   b y   t h e   l i g h t   c o l o r   o f   t h e  com- 
pound ( r a p i d   d a r k e n i n g   o c c u r s   w i t h   d e g r a d a t i o n ) ,   i s  much e a s i e r   b y   t h i s   m e t h o d  
t h a n   t h r o u g h   t h e   u s e   o f   s u b l i m a t i o n  and r e c r y s t a l l i z a t i o n .  

I n   g e n e r a l   f o r   t h e   m o l d i n g s  , hydrogen  analyses  are  high  and  oxygen  analyses 
a r e   l o w   ( t h i s   f i t s   i n   w i t h  an e a r l y   o b s e r v a t i o n   o f   t h e   l o w e r i n g   o f   c a r b o n y l  
peaks i n   t h e   i n f r a - r e d   s p e c t r a  on some o f   ou r   spec imens ) .   Never the less ,  
t h e s e   r e s u l t s   a r e   u n u s u a l l y   c l o s e   t o   t h e   t h e o r e t i c a l   e x p e c t e d .  
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7. SUMMARY CONCLUSIONS 

1 . Aromatic tetraamine and te t raaci  d (or  anhydride) monomers can be m i  1 led, 
blended o r  converted t o  1 :1 s a l t  adducts and reactively  hot pressed to  
Pyrrone mol d ings  . 

2.  Some estimate of moldability and molding conditions,  especially the top 
molding temperature, can be obtained by thermogravimetric  analysis on 
the s ta r t ing  powders. 

3. Use of the linear  shrinkage method,  which  employs  a fixed  rate of  heat- 
i n g  and  manual o r  automatic  continuous  adjustment  of  applied pressure to  
maintain a linear  shrinkage of the sample from room temperature to  top 
molding temperature  allows further estimation  of molding conditions. 

4. The most favorable molding region for  obtaining  products  of highest den- 
s i t y  was found  by varying the rate  of rise of  temperature  constant  ap- 
plied  pressure  parameters and holding 1 hour a t  top  temperature. 

5. Water loss  arising from condensation  reactions has not been observed t o  
cause any problems i n  molding when porous l inings  are used i n  the pres- 
s i n g  dies.  Water appears t o  diffuse  readily t h r o u g h  Pyrrone  polymers. 

6 .  Unless the density of the  product i s  anomalously h i g h  (suggestive of 
graphitization) , the physical  properties (strength, modulus, hardness 
etc.)  generally improve w i t h  density. 

7.  Typical molding conditions were  a 7,500 psi  pressure and a temperature 
ra te  of 5"C/min to  450°C w i t h  a  1 hour hold a t  450°C.  Under these con- 
d i t i o n s  a molding is  prepared i n  145 minutes. 

8 .  Acidic mmomers or  impurities may enhance the ra te  of  polymerization. 

9.  Intimate  molecular m i x i n g ,  as  afforded through the use of amorphous o r  
crystal  1 ine   sa l t s  of the monomers , increases  the  rate of  polymerization , 
and improves the thermal s t a b i l i t y  and reproducibility  of the properties 
of the result ing moldings. 

10. The density  of the moldings obtained a t  a particular  applied  pressure 
(or  the pressure required to  achieve a particular  density)  varied i n -  
versely w i t h  ra te  of  polymerization, b u t  w i t h  crystal l ine  sal ts   rapid 
polymerization,  densification and molding was obtained  simultaneously. 

11. Other systems s imilar   to  Pyrrone polymers may be suited for  optimization 
o f  molding and performance. 

12.  Typical  physical  properties  obtained  for  the PMDA-DAB Pyrrone were: 
density,  1.29  g/c ; diametral  tensile  strength, 10,700 psi; ultrasonic 
modulus , 1.3 x 10 psi ; hardness , 83 Rockwell B;  and thermal stabi 1 i ty  
i n  a i r   ( a t  0.5°C/min), 400°C. However, further work will  almost  certain- 
l y  improve on a1  1 these figures. 
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APPEND1 X 

PREPARATION OF 4, 5-DINITRO  NAPHTHALIC  ANHYDRIDE 
AND ITS REDUCTION TO THE DIAMINE 

4 , 5-di aminonaph thal i c  anhydride i s  of  potential  value  as a mono- 
mer for  the  preparation of ladder polymers of the Pyrrone  type. 

Based  on information  (Ref.  13)  that  acenaphthene  could be oxidized 
and ni t ra ted i n  one step to  4 ,  5 dinitronaphthalic  anhydride, the action  of 
conc. ni t r ic   acid on the compound  was studied. 

4 , 5 D i n i  tro-naphtha1 i c  anhydride was  made therefore i n  two steps 
according t o  the 1 i terature  by f i r s t  n i t ra t ing  acenaphthene i n  acetic  acid 
w i t h  conc. HNO t o  give crude 4 , 5 d i n i  troacenaphthene mp. 168-1 72". 
(Lit. mp. for Jurified material is 215°C (Ref. 14,  15). 

This was then oxidized by refluxing i n  glacial  acetic  acid w i t h  
sodium dichromate  (Ref. 16).  The crude  product was recrystall ized  as long 
shiny  pale  yellow  needles from concentrated  nitric  acid, mp: 318-319OC. 

C H N 
Found : 50.69 1.64  9.69% 
Required for :  C12H4N207 50.01 1.40  9.72% 

Experiments w i t h  acenaphthene and concentrated  nitric  acid were 
then continued. I t  was found tha t  w i t h  suf f ic ien t   n i t r ic   ac id  and a prolonged 
period of reflux,  the same pale  yellow compound could be obtained. 

IR analysis confirmed tha t  this material was identical w i t h  tha t  of  
the two step method. The IR spectrum was also almost identical  w i t h  t ha t  of 
an ear ly  batch  of "diamino-naphtha1 i c  anhydride"  received  through the auspices 
o f  NASA, Langley. I t  was mentioned t o  us tha t  the n i t ro  compound  was not  easy 
t o  reduce. Later we received a batch tha t  seemed to  be correct. 

After  trying a number of methods, i t  was found tha t  although slow 
hydrogenation  could be achieved a t  50 psi w i t h  P tO  catalyst  i n  ethanol , better 
was transfer hydrogenation u s i n g  cyclohexene  as dogor w i t h  10% Pd on charcoal 
catalyst .  The course of the reduction  could be followed by the  liberation of  
water which  was collected i n  a Bidwell trap.  Theoretical amounts were obtained. 
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The product, d i f f i cu l t   t o  work up ,  was separated from the  catalyst  by 
s o l u t i o n  i n  DMF o r  DMSO and then  precipitated  as a fine  green,  difficult   to 
f i l t e r ,   s o l i d  by dilution w i t h  water. 

A t  th i s  time we received from L .  A .  Jones, North Carolina  State Uni -  
vers i ty ,  a sample of dimethyl 4,5-diamino-naphthalate (verified by analysis)  
and th i s  on hydrolysis w i t h  a lkal i  and subsequent acidification of  the  solution 
w i t h  acetic  acid gave a green  sol i d  simi 1 a r  i n  appearance t o  our  materi a1 . 

C H N 
Found : 
Diamino naphthalic  acid, 

59.74 3.70 11.64% 
Requires  58.53 4.09  11.37% 

Comparison o f  the IR spectra of  the two products showed that  they 

C12H10N204 

were practically  the same  a1 though the analysis shown  below of the transfer hy- 
drogenation  product was nearer  that o f  the anhydride. 

C H N 
Found : 62.58 3.66 11.00% 
D i  ami  no naphtha1 i c  an- 

hydride, C1 2H8N203 
Requires : 63.15 3.53 12.27% 

Because the t ransfer  hydrogenation method involves a rather  laborious 
work u p  and fa i led   to  work i n  one run due possibly t o  catalyst  poisoning, re- 
duction w i t h  stannous  chloride was also  investigated. This was found t o  be a 
practical method  and much eas ie r   to  work up .  Material made  by this method was 
ochre i n  color b u t  gave the same IR spectrum  as the above two products and 
analyzed  as  foll ows : 

Found: 
C H N 

60.90 3.44 12.93% 

This analysis i s  intermediate between tha t  o f  the diamino anhydride 
and that  of the d i  amino d i  caboxyl i c acid. That the compounds  made are  basical- 
ly  the same is shown  by their IR spectra and their behavior on thenogravimetric 
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analysis. The presence  of an anhydride group and two amine groups i n  the 
same molecule is apparently  leading a t  some stage i n  the preparation and 
work up t o  a certain amount of self condensation.  This i s  indicated by the 
non-crystalline  nature of the product, checked by  X-ray diffract ion methods, 
the variation  of  color w i t h  the method of  preparation and work up, and i t s  
lack  of so lubi l i ty  i n  any b u t  the most powerful organic  solvents.  Analyti- 
cal  difficulties  reported t o  us, may be explained by polymerization d u r i n g  
analysis and the  variable  results may be indicative of  semicondensed material. 

Thus the  ochre  colored  stannous  chloride product  analyzes  reason- 
ably we71 for  the amide: 

COOH  COOH 

NH NH2 

CO  COOH 
I 

NH2  NH2 

whi ch requires : 
C H N 

60.75 3.82 11.81% 

found:  60.90  3.44  12.93% 

To summarize, i t  has been found tha t  diamino naphthal i c  anhydride 
appears t o  be too  reactive a monomer t o  be isolatable  as  such. The  compounds 
made are dimers or higher oligomers  containing  structures of the type shown above. 

We also were kindly  supplied w i t h  a sample (again from L .  A.  Jones)  of 
dimethyl 4-aminonaphthalate, which analyzed correctly,  and this was hydrolyzed 

. by alkali  t o  give, on acidification w i t h  acetic  acid a b r i g h t  yellow  orange, 
eas i ly   f i l t e rab le   so l id .  This compound analyzed quite well for  the mono-amino 
naphthalic  anhydride b u t  may again be a dimer, etc. ,   of the same empirical 
formula. 

C H N 
Found : 67.26 3.42  6.43% 
CI2H7NO3 Mono-amino 
naphthal i c an- 

hydride 67.60 3.31 6.5% 
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Thermogravimetric analysis  of this material showed tha t  i t  has 
promise of  yielding a h i g h  temperature polymer. We have subsequently re- 
turned t o  the preparation of dimethyl 4,  5-dinitronaphthalate  as  detailed 
i n  Ref. 13. T h i s  can be reduced u s i n g  cycl ohexene and pal 1 adi urn charcoal 
i n  refluxing  ethanol t o  give a product  identical w i t h  diamino naphthalic 
acid dimethyl es ter .  This product, is  more readily  isolatable than the 
product from reduction  of d i n i  t r o  naphtha1 i c  anhydride; furthermore, i t  
can be easily  purified by crystal l izat ion from  a variety  of  solvents. 

Hydrolysis of the amino e s t e r  by refluxing a,queous methanolic 
sodium hydroxide w i t h  subsequent acidification of the hot  solution w i t h  
glacial   acetic  acid gave a nicely  crystall ine  olive green product identi-  
cal by 1 R  analysis w i t h  previously made "diamino naphthalic  anhydride." 

This method via  the  ester is  now the  preferred  route. 
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